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[1] As part of ice albedo feedback studies during the Surface Heat Budget of the Arctic
Ocean (SHEBA) field experiment, we measured spectral and wavelength-integrated
albedo on multiyear sea ice. Measurements were made every 2.5 m along a 200-m survey
line from April through October. Initially, this line was completely snow covered, but as
the melt season progressed, it became a mixture of bare ice and melt ponds. Observed
changes in albedo were a combination of a gradual evolution due to seasonal transitions
and abrupt shifts resulting from synoptic weather events. There were five distinct phases in
the evolution of albedo: dry snow, melting snow, pond formation, pond evolution, and fall
freeze-up. In April the surface albedo was high (0.8—0.9) and spatially uniform. By the
end of July the average albedo along the line was 0.4, and there was significant spatial
variability, with values ranging from 0.1 for deep, dark ponds to 0.65 for bare, white ice.
There was good agreement between surface-based albedos and measurements made from
the University of Washington’s Convair-580 research aircraft. A comparison between net

solar irradiance computed using observed albedos and a simplified model of seasonal
evolution shows good agreement as long as the timing of the transitions is accurately

determined.
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1. Introduction

[2] The ice albedo feedback mechanism plays a key role
in the heat and mass balance of the ice and upper ocean in the
Arctic [Maykut and Untersteiner, 1971; Curry et al., 1995].
During the summer melt season, the sea ice cover undergoes
profound changes in its physical state and optical properties.
As incident solar radiation increases and the air warms, the
ice cover evolves from a highly scattering, snow-covered
medium to a darker combination of bare ice, melt ponds and
leads (Figure 1). Summer melt rates as well as the duration of
the melt season are strongly influenced by the albedo, which
decreases as the melt season progresses.

[3] An improved, quantitative understanding of the ice
albedo feedback is needed to better model the role of the
Arctic sea ice cover in global warming [Spelman and
Manabe, 1984; Dickinson et al., 1987; Washington and
Meehl, 1986; Ingram et al., 1989]. To achieve this, it is
necessary to determine how shortwave radiation is distrib-
uted within the ice-ocean system, and how this distribution
affects heat and mass exchange within the system.
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[4] This would be a much simpler task if the ice cover
were uniform and homogeneous; a time series of observa-
tions at a single point would suffice. However, the summer
ice cover is far from uniform, with surface conditions
varying from deep snow to bare ice to melt ponds to open
leads, and with ice thickness ranging from zero (open water)
to ridges tens of meters thick, all within an area that is often
less than one square kilometer. Each of these categories has a
significantly different set of physical and optical properties,
and each processes the incoming shortwave energy differ-
ently. To determine how average albedo changes within a
large area (e.g., a general circulation model grid cell), we
must examine both the temporal and spatial variability of
albedo in each of these ice categories and monitor seasonal
changes in the fractional area occupied by these categories.

[s] There is an ample database defining wavelength-
integrated and spectral albedos for a wide variety of ice
types and conditions [Langleben, 1969, 1971; Grenfell and
Maykut, 1977; Grenfell and Perovich, 1984; Buckley and
Trodahl, 1987; Perovich, 1991, 1994, 1996; Perovich et al.,
1998; Radionov et al., 1997]. These studies have demon-
strated the considerable variability of albedo and have
established a strong dependence of albedo on surface
conditions and the structure of the upper 30—50 cm of the
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Figure 1. Aerial view of Ice Station SHEBA in April 1998 (top) and July 1998 (bottom). Surface
conditions changed from uniform snow-covered ice to a mixture of ponds, ice, and open water. The ship
is the Canadian Coast Guard icebreaker Des Groseilliers.

ice. They have established a qualitative understanding of
how changes in the physical properties of the ice and snow
cause changes in the optical properties and the albedo.
What is lacking in these studies, however, is a systematic
time series relating the seasonal evolution of albedo to
changes in the surface conditions and physical properties
of the interior of the ice. Because the optical properties of
ice and snow as well as the incident solar irradiance are
strong functions of wavelength, detailed wavelength-
dependent observations are needed to determine the energy
deposition properly. In this paper we present such a system-
atic time series and demonstrate how the seasonal evolution
of albedo is directly linked to physical changes in the ice
cover during melt and freeze-up.

2. Experimental Approach

[6] As part of the ice albedo feedback studies carried out
during the 1997-1998 Surface Heat Budget of the Arctic

Ocean (SHEBA) field experiment [Perovich et al., 1999],
we measured spectral and wavelength-integrated albedos
together with other components of the heat and mass
balance. Albedos were monitored at a wide variety of sites
selected to include all available multiyear ice types and
conditions, from ponded ice to thick, snow-covered ice. To
investigate spatial and temporal changes on a single floe,
regular surveys of albedo were made every few meters
along a 200-m-long ““albedo line” (see Figure 2). These
surveys were repeated weekly in April and May, when
changes in surface conditions and ice properties were slow,
and every other day during June, July, and August, when
changes were rapid and the impact of ice albedo feedback
was large. Data from these observations are available on a
CD-ROM [Perovich et al., 1999].
[7] The albedo at a particular wavelength (\) is
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Figure 2. Surface conditions along the albedo line on (top) 17 April 1998, (middle) 25 June 1998, and
(bottom) 4 August 1998.
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Table 1. Characteristics of Optical Instruments Used in This Experiment

Wavelength
Instrument Type Range, nm Spectral Resolution Cosine Collector
Kipp & Zonen albedometer radiometer 300-3000 nm  wavelength-integrated  flat plate
Eppley Lab. Inc. Model PSP radiometer 300-3000 wavelength-integrated ~ flat plate
Spectron Engineering SE-590 UV spectroradiometer 300-400 3 nm integrating sphere
Spectron Engineering SE-590 VIR spectroradiometer 400-1000 nm 3 nm diffusing dome
Spectron Engineering SE-590 IR spectroradiometer  1000—2300 nm 20 nm integrating sphere

The wavelength-integrated, or total, albedo (o) is the ratio
of the reflected irradiance (F;) to the incident irradiance
(F)), which can be expressed as

3000
f a(N)F (N)dX
300
Q= 3500 )
f Fi(N)dX
300

)

where the limits of integration span the incident solar
spectrum.

[8] Albedos along the 200-m line were measured using
five different field-portable spectroradiometers and short-
wave radiometers. The spectrophotometers were diode array
instruments with rapid response times, so that a full spectral
region could be measured in a few seconds. At a given site,
it typically took less than a minute to measure the pair of
incident and reflected irradiance spectra needed to compute
the albedo. Hemispherical and integrating sphere cosine
collectors were used to obtain the appropriate instrument
field of view for irradiance measurements. Spectral reso-
Iution was 3 nm in the UV, visible and near infrared, and 20
nm at wavelengths above 1000 nm. Calibration and inter-
comparison of these instruments were performed in the
field. The detectors were mounted on a 1.5-m-long arm to
minimize shadowing of the surface (Figure 2). The arms
were mounted on a tripod for easy and accurate leveling.
The specifications of the five instruments used to make the
albedo measurements are summarized in Table 1.

1.0 . . , .

[v] The albedo measurements were supplemented with a
description of the physical properties of the ice cover. The
focus was on characterizing the surface conditions, since
they have the greatest influence on albedo [Grenfell and
Maykut, 1977; Perovich, 1996; Allison et al., 1993]. We
monitored the snow coverage and depth, the pond fraction
and depth, and the evolution of the surface scattering layer.
Photographs were taken to document changes in surface
conditions. Because of concerns that soot released from the
ship might affect the albedo and seasonal melt cycle, a
detailed survey was carried out to determine the level of
contamination in the spring followed by spot checks during
the summer [Grenfell et al., 2002]. These measurements
indicated that soot contamination from the ship was approx-
imately 5 ngC/g in the areas where the measurements were
made. This value is a factor of 3 below the threshold value
for which the albedo at 500 nm is reduced by 0.01 [Grenfell
et al., 1994], so that there was no significant effect on the
springtime albedo or its subsequent seasonal evolution.

3. Results

[10] Significant changes occur in the ice cover during the
summer melt season, as the photographs in Figure 2
illustrate. During April the ice was covered by an optically
thick layer of cold, dry snow (Figure 2a), creating a bright,
white, and uniform-appearing surface. At this time, snow
depths along the albedo line ranged from 8 to 54 cm,
averaging 28 cm. By 25 June, most of the snow cover
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Figure 3. Spatial and temporal variability of wavelength-integrated albedo along the albedo line during

the melt season.
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Figure 4. Melt pond appearance in its early stage, 29 June (top) and fully mature, 8 August (bottom).

had melted, and the surface was a mix of bare ice with a few
shallow melt ponds (Figure 2b). Another month of melting
dramatically changed surface conditions. By 4 August
(Figure 2c¢), the snow was completely gone, and the surface
was either bare ice or melt ponds. The ponds were ubiq-
uitous and at their maximum extent covered more than 20%
of the surface area of the ice floes.

[11] These photographs illustrate the magnitude of the
changes associated with the summer melt season and provide
a qualitative sense that the surface grew darker and more
spatially variable as melt progressed. This observation is
confirmed quantitatively by the albedo measurements. The
evolution of wavelength-integrated albedos along the first
100 m of the albedo line is displayed in Figure 3. The cold
snow-covered ice of 17 April has a high albedo (0.82—0.88)
and is spatially uniform. This persisted for the next several
weeks. By 25 May, no melting had occurred and the snow
was still dry. Snow metamorphism during this time resulted
in slightly larger grain sizes and a slight decrease in albedo.
Albedos were still spatially uniform. Rain on 29 May

marked the beginning of the melt season and a transition
from dry snow to wet, melting snow. Albedos from 3 June
show a drop to wet snow values of 0.7—0.75. In some places
the snow was no longer optically thick, resulting in a modest
amount of spatial variability in albedo (~0.1). Melting of the
snowpack continued and by 15 June the albedo line con-
sisted of melting snow, bare melting ice, and a few melt
ponds. Spatial variability along the line increased greatly,
with albedos ranging from 0.3 for the ponds to 0.7 for the
melting snow. As the melt season progressed, the snow cover
disappeared, the bare ice developed a melting surface
granular layer, and the ponds grew deeper and wider. By
23 July, albedos had decreased everywhere, and the spatial
variability had increased, from a minimum of 0.1 for the
deep, dark melt ponds to a maximum of 0.65 for bare, white
ice.

3.1. Albedos of Ice and Ponds

[12] As the snow melted, the ice followed one of two
evolutionary sequences, eventually becoming either bare ice
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Figure 5. Time series of wavelength-integrated albedo at selected sites along the albedo line.

or pond-covered ice. The development of melt ponds is
evident at several locations along the albedo line (5, 50, 70,
and 100 m). Ponds persisted in the location where they first
formed and grew deeper and wider throughout the summer.
Figure 4 shows the development of a melt pond from 29
June to 8 August. A large change in size is evident for the
melt pond in Figure 4. This particular pond had a portion
with a light bottom and a portion with a dark bottom. The
water depth was the same in both sections, but the proper-
ties of the underlying ice differed: the ice in the lighter
section had many more air bubbles than the darker section.
Note that while the pond changes significantly, there is little
change in the appearance of the bare, white ice between the
photographs in Figure 4.

3.1.1. Wavelength-Integrated Albedo

[13] Figure 5 shows time series of wavelength-integrated
albedos from white ice and the light and dark areas of the
pond in Figure 4. Albedos at the sites began to differ
significantly after just a few days of melting in early June.
The white ice site remained snow covered with a melting
snow albedo of 0.7 to 0.8. At this stage, the light pond was
bare melting ice with an albedo of 0.65, and the dark pond
was already covered by a few centimeters of water, with an
albedo of 0.5. Albedos continued to decrease at the pond
sites as the ponds got deeper. At the bare ice site, all the
snow melted, reducing the albedo to 0.6—0.7. On 26 June
there was an increase in albedo at all three sites due to a
brief cold spell when an ice skim formed on some of the
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Figure 7. Spectral albedos of bare, white ice during the melt season from 7 July through 12 August.
The circles denote the mean of all the albedos measured at each wavelength during this period, and the

bars show the range.

ponds and there was 1 cm of new snow. The increase was
greatest at the light pond site where the albedo jumped from
0.3 to 0.7 as the surface conditions changed from a melt
pond to ice with a thin snow cover. After this, the pond
albedos decreased throughout the rest of the summer, reach-
ing a minimum value of 0.1 on 13 August. By this time
most of the bubbly ice in the light pond had melted, and
there was little difference between the light and dark portion
of the pond.

3.1.2. Spectral Albedos

[14] Throughout the summer (early July through mid-
August), the albedo of bare ice was fairly constant (0.6—
0.7), but there was a progressive decrease in the albedo of
ponded ice. Spectral albedos from 17 July through 14
August for the light and dark portions of the pond are
plotted in Figure 6. There was little variability in albedo in
the near infrared at wavelengths beyond 750 nm, where the
absorption in the water is so great that the underlying ice
does not contribute to the albedo. The small differences in
albedo (~0.05) are due to minor variations in the sky
conditions and the water roughness at the pond’s surface.
Differences were considerable at visible wavelengths (400—
750 nm). In particular, from 400 to 600 nm light pond
albedos were 0.2 to 0.25 larger than dark pond values. The
scattering of the underlying ice has the greatest influence on
albedo from 400 to 600 nm, where the pond water is the
most transparent [Grenfell and Perovich, 1984]. For both
the light and dark portion of the pond, there was a steady
decrease in albedo of 0.15 to 0.2 between 17 July and 14
August. This occurred as melting deepened the ponds and
thinned the scattering layer of the underlying ice.

[15] Spectral albedos measured at the bare ice site on 12
days between 7 July and 12 August are plotted in Figure 7.
The circles denote the mean of all the albedos measured at
each wavelength during this period and the bars denote +1
standard deviation. The albedo curve is high (0.7 to 0.8) and
flat across the visible, giving a white appearance to the ice,

and decreasing in the near infrared. The spectral shape is the
same for all of these curves. As the small size of the bars
indicates, there was tight clustering of the white ice albedos.
During this five-week period, the albedo at a particular
wavelength never varied by more than 0.1. The same was
true for the total albedo of the bare ice. There was
approximately 60—70 cm of surface ablation, yet no system-
atic change in albedo. For white ice, the albedo is domi-
nated by scattering in a few-centimeter-thick surface
scattering layer of granular, decomposing ice. As the melt
season progressed, this layer kept renewing itself due to
melting within the near-surface portion of the ice, resulting
from ongoing radiation absorption in the upper layers of the
ice [Perovich et al., 2001]. The changes that did occur in the
albedo of the bare ice were fluctuations, which we believe
where due to variations in the thickness of this surface layer.
Foggy days, with condensation melting on the surface,
tended to thin the scattering layer, and sunny days, with
larger fluxes of penetrating solar irradiance, tended to
increase the layer thickness.

[16] The large disparity between melt pond and bare ice
albedos is due to differences in the light-scattering proper-
ties of the surface layer. For bare ice, the water has drained
from the surface, leaving a few-cm-thick, granular surface
scattering layer, with 10—-20 cm of bubbly ice below.
Variations in the scattering properties of the bubbly ice
are determined by the number and size distribution of vapor
bubbles.

3.2. Areally Averaged Albedos

[17] From a large-scale modeling, or climate, perspective,
the interest is not so much in the evolution of a single melt
pond, or a piece of ice, but the ensemble of ponds and ice
that comprise the ice cover. The key issue is how the albedo
of that ensemble is evolving. From the previous discussion,
we know that during the course of the melt season pond
albedos decreased and white ice albedos remained relatively
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Figure 8. Time series of the fractional area of the ice covered by melt ponds as measured along the

albedo line and from aerial photographs.

constant. Figure 8 shows the fraction of the albedo line that
was pond-covered throughout the summer. Also plotted is a
larger-scale estimate of the fraction of the ice covered by
ponds, which was determined by analyzing aerial photo-
graphs [Eicken et al., 2002; Perovich et al., 2002]. Though
the albedo line had a larger pond fraction than the general
SHEBA region, both the surface-based and aerial observa-
tions exhibited the same temporal dependence. The tempo-
ral increase in pond fraction indicates a seasonal reduction
of the areally averaged albedo [Perovich et al., 1999;
Perovich et al., 2002]. In addition, the lead fraction was
3—5% from May through July then jumped to 20% in early

August [Perovich et al., 2002]. Since the average lead
albedo was quite small, 0.066 [Pegau and Paulson,
1999], an increase in open water would reduce the overall
albedo of a region.
3.2.1. Wavelength-Integrated Albedo

[18] We examined the evolution of the albedo of the ice
cover by averaging the individual measurements along the
albedo line to derive an areally averaged albedo and a
standard deviation for each day. Although the albedo line
did not include any open water, we believe that the
evolution of the albedo line was generally representative
of the multiyear portion of the ice cover. During melt, other
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Figure 9. Time series of wavelength-integrated albedo from 1 April 1998 through 27 September 1998.
Values are averaged over a 200-m-long albedo line. The arrow points to 17 April when the sky was clear.
Also plotted is the albedo measured at the beginning of the experiment in October 1997 (solid squares).
The standard deviation of albedo measured along the albedo line for each is plotted as open circles.
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Figure 10.

Influence of synoptic events on albedo.

Observations along the albedo line (a) before and

after the first rainfall of summer and (b) before and after a 4-cm snowfall in June.

regions of the ice cover may have a different mix of ponds
and bare ice, but that would only change the magnitude of
the average albedo, not the character of the temporal
evolution of albedo.

[19] The areally averaged albedo time series (Figure 9) is
divided into five sections denoting the distinct phases of the
seasonal evolution of albedo: dry snow, melting snow, pond
formation, pond evolution, and fall freeze-up. These five
phases were defined by our observations of the physical
state of the snow and ice. In the first phase (April—May),
the albedo was high (0.8—0.9) and spatially uniform. These
values were comparable to albedo measurements made of
snow-covered ice during the previous October (0.82—0.85).
During this time there was a slight and gradual decrease in
albedo as the snow cover warmed and the snow grain size
increased. The rain of 29 May initiated phase 2, causing
rapid coarsening of the snow to about 1 mm diameter,
resulting in a drop in the average albedo from 0.8 to 0.7. As
the snow cover melted, there was more spatial variability in

the albedo, as evidenced by the increase in the standard
deviation. Phase 3 started in mid-June, when melt pond
formation resulted in a sharp drop in albedo from 0.7 to 0.5
in only a week. After this sharp drop associated with the
appearance of melt ponds, there was a long period of a slow,
steady decline in albedo as the melt ponds grew deeper and
larger in areal extent. Even though the melt season was
under way, there were still occasional periods of cooler
temperatures and light snow during the next two weeks,
with attendant increases in albedo. By early August, the
average albedo along the line was only 0.4. The spatial
variability of albedo was greatest at this time, ranging from
0.1 to 0.65 with a standard deviation of 0.25 along the line.
Starting in late July and early August, there were brief,
intermittent periods with air temperatures below freezing.
During these periods, ice skims formed on the surface of
ponds and there were occasional snow flurries, resulting in
an increase of 0.1 in average albedo. Again there were a few
weeks of “flickering” during freeze-up, with albedos



SHE 20-10 PEROVICH ET AL.: SEASONAL EVOLUTION OF ARCTIC SEA ICE ALBEDO
1.0 T T T T T T T
O
N \A \

08| i
3 v__—-—v\
@
3 L
<
T 06 |
B9
@
joR
w
o 04| i
8-) —®—400 nm
S | —O—600nm
o —A—800 nm
> —v— 1000 nm
<€ g2 | —e—12000m \ .

—— 1400 nm <\<]
<]_<]<]‘<{<1 <<1<(<]\<(\<1<r<<].<1<]\( <1\<]/<1- J
00 . Ll Ll Ll Ll
Apr 15 May 15 Jun 15 Jul15 Aug 15
Date
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increasing and decreasing depending on the synoptic
weather. By the end of August, surface temperatures were
consistently below freezing and the albedo increased as the
snow cover got deeper. By the end of September, average
albedos returned to their springtime maxima of 0.8 to 0.9
and were spatially uniform.

[20] The effects of synoptic weather events, such as rain
and snow, on albedo are illustrated in Figure 10. The first
rainfall of the year on 29 May changed surface conditions
from dry snow to wet snow, resulting in a 0.05 to 0.15
decrease in albedo. Larger decreases in albedo occurred in
areas of thinner snow, where the wet snow was no longer
optically thick. On 19 June we received 4 cm of new wet
snow, which caused an increase in albedo for bare ice of
about 0.2 to a value of 0.8. On ponded ice, new snow either
melted or formed a slushy surface layer with little effect on
the albedo. The increase in albedo was ephemeral, as the
snow quickly melted, and on 21 June albedos were back to
19 June values.

[21] Another potential source of variability in the wave-
length-integrated albedo is changes in the incident solar
spectrum due to cloudiness [Grenfell and Maykut, 1977;
Grenfell and Perovich, 1984]. Calculations [Grenfell and
Perovich, 1984] indicate that for a given surface the albedo
is 5—10% greater on a cloudy day than on a clear day. The
cloud impact was minor in our observations, since for the
most part our albedos were measured under cloudy skies.
One exception occurred on 17 April (arrow in Figure 9),
when the measurements were made under clear skies. This
decrease was due to measuring under clear sky conditions,
not to a change in surface conditions.

3.2.2. Spectral Albedo

[22] The temporal evolution of areally averaged spectral
albedos is similar to the wavelength-integrated counterparts.
Areally averaged spectral albedos were computed by aver-
aging measurements along the first 100 m of the albedo line
(Figure 11). Decreases in albedo were more rapid and larger

in magnitude at near-infrared wavelengths than at visible
wavelengths, reflecting the influence of the melt ponds
versus bare and snow-covered ice. For ponded areas, the
spectral gradient between 500 and 1000 nm is much
stronger than for the other ice types, so the separation
increases and the magnitudes decrease as the ponds develop
(mid-June) and evolve (July).

3.3. Aircraft Albedo

[23] To extend local scale observations to larger scales,
broadband radiation measurements were obtained aboard
the University of Washington’s (UW) Convair-580 research
aircraft using two identical Eppley radiometers, one point-
ing up and one down. These instruments provided measure-
ments of upwelling and downwelling radiation at visible
and near-IR wavelengths (300—3000 nm) from which the
surface albedo was calculated.

[24] Aircraft albedo measurements were obtained over the
albedo line on seven occasions between 30 May and 23
June 1998. Straight and level runs of the aircraft were made
over the length of the albedo line to determine the average
albedo. The flights were made at ~90—600 m above the
surface and below cloud base (if cloud was present, which it
generally was). The data were screened to include only
those values for which: (1) there was little or no cloud
between the aircraft and the underlying surface; and (2) the
pitch and roll angles of the aircraft were less than 5° in
either direction.

[25] The airborne measurements showed that the average
surface albedo of the CRREL albedo line decreased from
~0.8 to ~0.6 during the period 30 May to 23 June. This
was a period of significant transition as the surface changed
from snow covered to heavily ponded. For a radiometer
with a cosine collector as its foreoptics, 90% of the signal is
from a circle with a radius approximately twice the height of
the instrument. For the surface-based measurements this
field of view has a radius of 2 m, while for the aircraft



PEROVICH ET AL.: SEASONAL EVOLUTION OF ARCTIC SEA ICE ALBEDO

SHE 20 - 11

1.0 T T T T T T T T T
f~—n
0.8 | ~o . § -
- \i S |
06 |
ko) u|
g g
<C
04| -
02 —0O— Surface n
® (CV580
0.0 . . ! : . ] 2 . 1 2 2 ! . . 1
May 25 May 31 Jun 6 Jun 12 Jun 18 Jun 24
Date

Figure 12. Comparison of the broadband (300—3000 nm) albedo averaged on the albedo line measured
from the University of Washington Convair-580 aircraft and from the surface. Error bars of one standard

deviation are plotted for the aircraft results.

measurements the radius was much larger; between 200 and
1200 m. Even though the “footprints” were quite different,
the albedo values from the airborne measurements are in
good agreement with the ground-based measurements of
daily average albedo over the albedo line during this period
of significant spatial and temporal variability (Figure 12).
The temporal trends were the same for surface and aircraft
albedos. Aircraft values were slightly larger since their
footprint included the unponded flank of a major pressure
ridge. This agreement supports two points: (1) surface
measurements along the albedo line are indeed representa-

tive of an area, not just a line, and (2) aircraft-based
radiometers provide a means of measuring albedo on larger
scales.

4. Discussion

[26] Time series observations of total albedo are available
from an analysis of the Soviet NP drifting station measure-
ments from 1950 through 1991 [Radionov et al., 1997].
These data represent a very large statistical sample, though
they have a rather coarse temporal resolution and only a
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Figure 14. Comparison of observed and simulated model values of wavelength-integrated albedo.

very brief characterization of the physical properties evolu-
tion. They report maximum values of 90% and minimum
values near 45%. Their time series consist of multiyear
averages of observations grouped by month (Figure 13).
Since these series do not include open water and thus
represent 100% ice cover, they can be compared directly
with the albedo averages for our albedo line (Figure 9).

[27] Due to the vigorous SHEBA melt season, the sum-
mer drop-off is sharper for the SHEBA data, and the
albedos are at the lower end of, or below, the Russian
results. The Russian data show the minimum albedo in July
(0.6 = 0.08), while we find a minimum in mid-August with
values around 0.4 to 0.5. In the Russian data, the results of
flickering are contained in the error limits and smoothed out
by averaging over many years. They report that there is no
significant multiyear trend in the annual pattern. The
increased prominence both in amplitude and duration for
the summer reduction of total albedo in the SHEBA data set
is a strong indicator of the increase in intensity and duration
of the summer melt season of 1998.

[28] The timing and amplitude of the summer albedo
phases will depend on location and year, but we believe
that the form of annual cycle of albedo will be the same.
The time series of areally averaged albedo in Figure 9
defines the key factors governing the annual cycle of
albedo. Determining the timing of each of the five phases
is critical to accurately represent the albedo. To determine
the amplitude of the albedo cycle, we need to know the time
series of pond fraction and lead fraction, as well as a
measure of the pond evolution.

[20] There are several different albedo parameterizations
in use in large-scale sea ice models and in general circu-
lation models (GCMs). These parameterizations range in
complexity, relating albedo to surface temperature [Hibler,
1980; Ingram et al., 1989; Ross and Walsh, 1987], ice
thickness [Bitz et al., 1996; Flato and Brown, 1996; Battisti
et al., 1997], and ice type [Schramm et al., 1997]. Curry et
al. [2001] used a single-column model along with results
from SHEBA and FIRE [Curry et al., 2000] to evaluate

albedo parameterizations. They conclude that, for climate
applications, the albedo should be related to the character-
istics of the surface (snow depth, ice thickness, pond
fraction, ice concentration).

[30] For purposes of illustration, consider the Climate
System Model GCM [Weatherly et al., 1998]. This model
uses four levels to represent the ice albedo: 0.82 for cold
snow, 0.75 for melting snow, 0.5 for melting ice, and 0.65
for cold ice. Figure 14 compares the time series of observed
albedo with the four-level parameterization. When there is a
cold or a melting snow cover present, observed and mod-
eled albedo agree nicely. However, once the ponds begin to
form, the values differed for the remainder of the summer,
with the modeled albedo first less than the observed, then
greater. There was a similar deviation during freeze-up,
though in this case the model albedo was first greater than
observed, then less. Differences were typically less than 0.1.

[31] From a large-scale modeling perspective, it is neither
practical nor critical to model the time series of albedo
exactly. It is important to estimate accurately the total solar
heat input into the ice cover. We multiplied both the
observed and modeled albedos from Figure 14 with the
incident solar irradiance measured at SHEBA (R. Moritz,
personal communication, 1999) to determine the net input
of solar irradiance from April through September. The net
solar irradiance was 914 MJ m~2 using the observed
albedos and 930 MJ m * using the model albedos, a
difference of less than 2%. This agreement between
observed and modeled values is not just fortuitous, it is
due primarily to the proper selection of the transition points
for changes in albedo. To represent the albedo accurately, a
model must correctly determine the onset of melt, the time
of melt pond formation, the duration of melt, and the start of
fall freeze-up.

5. Conclusions

[32] During the SHEBA field experiment, the spatial
variability and temporal evolution of the albedo of Arctic
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sea ice was monitored over an entire annual cycle. For more
than nine months of the year, the albedo of the ice cover is
high (0.8—0.9) and spatially uniform, but in summer the
albedo of the ice cover decreases and the spatial variability
of albedo increases. Over distances of only a few meters,
albedos can vary from 0.1 for leads to 0.2 for dark ponds to
0.4 for light ponds to 0.6—0.7 for melting multiyear ice.

[33] Examining individual ice types, the albedo of bare,
multiyear ice changed little during the melt season, because
the highly scattering surface layer continually renewed
itself. The behavior of melt ponds was quite different.
Throughout the summer, melt pond albedos continually
decreased as the ponds grew wider and deeper and the
underlying ice thinned.

[34] The evolution of the areally averaged albedo was a
combination of a smooth seasonal trend with synoptic
fluctuations. There were five distinct phases of the seasonal
evolution: dry snow (~0.8-0.9), melting snow (decrease
from 0.8 to 0.7), pond formation (decrease from 0.7 to 0.5),
pond evolution (decrease from 0.5 to 0.4), and fall freeze-up
(increase from 0.4 to 0.8). Superposed on this smooth
season trend were abrupt fluctuations due to synoptic
weather events, such as rain or snow. While the synoptic
events typically were short-lived, they did cause brief
changes in albedo of 0.1-0.2. Their impact was greatest
near the onsets of summer melt and fall freeze-up.

[35] Progressive reduction in the average albedo of indi-
vidual floes during the summer was due primarily to
changes in the coverage and optical properties of the melt
ponds. However, changes in the regional albedo can also be
influenced by the increase in the amount of open water
resulting from divergence of the ice pack and from lateral
melting on floe edges.
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